A novel and label-free gold nanorods (GNRs)-based resonance light scattering system assay has been developed on the basis of that the interactions between microalgae proteins and GNRs could emit strong fluorescence signal. We have prepared GNRs which were well dispersed in the solution and the microalgae protein was absorbed onto the surface of GNRs. The results demonstrated that the intensity of fluorescence has correlation with the protein concentration. The optimum pH was 5.5 and the optimum concentration of inorganic salt ions Na + was 0.5 mol L
Introduction
Microalgae proteins, as a kind of biological macromolecule, are the material basis of microalgae which constitute the basic organic matter of microalgal cells and the main life activities of microalgae.
1 Because of the signicance of the microalgae proteins, it is high priority to study the microalgae proteins in clinical medicine and biological chemistry aspects.
2,3 A number of conventional detection methods were developed and utilized for microalgae determination, such as Kjeldahl method, Bradford method, spectrometer method, chemical luminescence method and near infrared reectance spectroscopy. However, these methods suffer from limitations of low sensitivity, poor selectivity or weak stability in different settings.
Gold nanoparticles are tiny particles with 1-100 nm in diameter. As a new type of biological molecule probe, gold nanoparticles are simple and stable. Thus, it has been extensively studied and applied 4, 5 in different shapes and geometries such as spherical particles, nanorods, nanoshells, nanostars and nanocages. [6] [7] [8] [9] [10] [11] The optical properties are strongly dependent on their shape and size. [12] [13] [14] As one of the earliest studies on metal nano materials and their stability, strong and stable surface plasma resonance absorption peak appearing in the UVvisible region was utilized. 15 The gold nanoparticles were used in electron microscopy for the rst time in 1971. 16 GNRs exhibit in two SPR bands with the transverse band around 520-600 nm and the longitudinal band in the near IR region, with the exact wavelength tunable by controlling the aspect ratio of the nanorods. 17 Because of their near IR SPR band, GNRs are considered as more promising than solid spherical nanoparticles for in vivo bio-medical applications.
Currently more studies focused on the biological probe of the gold nanoparticles. Because of its quantum effect, macroscopic quantum tunneling effect, surface effect, good biocompatibility and unique optical properties, it can be combined with many kinds of biological macromolecules such as nucleic acid, 16, 18, 19 heavy metal ions 20,21 especially protein.
22,23
Chang et al. detected a series with thiol compounds, including intracellular bioactive molecules such as cysteine and glutathione, and the positioning of the erythrocyte glutathione basing on interaction between gold and Nile red dye as a uo-rescence. [24] [25] [26] Meanwhile, the strength of interaction between gold nanoparticles and the elements such as nitrogen, sulfur in some groups of compounds to detect some heavy metal ions such as Cu 2+ , Hg 2+ .
27,28
Dobrovalskaia et al. conducted a systematic study on blood plasma protein adsorption to citrate-protected gold nanoparticles and identied about 60 different proteins in the "protein corona" formed on the gold a School of Environment and Chemical Engineering, Shanghai University, Shanghai, 201800, P. R. China. E-mail: liushuyu@shu.edu.cn; Fax: +86-0451-8628-2107; Tel: +86-0451-8628-2107 b Key Laboratory of Biology and Genetic Improvement of Oil Crops, Ministry of Agriculture, P. R. China nanoparticle surface. 29 The local electric eld enhancement of the surface of metallic nanoparticles in visible light and near infrared light is caused by the plasma resonance of several orders of magnitude of the incident electric eld changes. The GNRs have a strong plasma enhancement effect in the range of 600-1500 nm.
30,31
Most of the proteins contain uorescent amino acids, tryptophan and tyrosine. When the uorescent tryptophan or tyrosine interacts with gold nanoparticles, the uorescence properties of tryptophan or tyrosine will shi. 29, 32, 33 These changes can occur as emission wavelength red-shi or blueshi, uorescence quenching or enhancement. Such changes have been applied to determine the binding affinity and binding constant of proteins with gold nanoparticles quantitatively. Proteins and gold nanoparticles are formed by the electrostatic attraction and hydrophobic force, which give the system a characteristic of uorescence scattering peak that enhancing the uorescence scattering signal of the associated nanoparticle. On the basis of the linear relationship between the uorescence intensity and the concentration of proteins, a new method for protein determination was established. In this study, a simple, sensitive and stable method based on the combination of GNRs with the microalgae protein was explored for the microalgae protein analysis; the related pH condition was determined as well. The salt ions Na + and the stable time of the reaction system was also examined. A number of parameters affecting the uo-rescence intensity were studied and experimental sensitivity were examined. The results demonstrated a higher sensitivity and selectivity in microalgae protein detection and a great potential for biology diagnosis can be brought by this method.
Material and methods

Chemicals and materials
The microalgae proteins were extracted from Microcystis aeruginosa (FACHB 905) culture which obtained from the Freshwater Algae Culture Collection of the Institute of Hydrobiology (Chinese Academy of Sciences, Wuhan, China), hexadecyltrimethylammonium bromide (CTAB), sodium citrate, sodium oleate, HAuCl 4 $4H 2 O, silver nitrate, sodium borohydride, Lascorbic acid (BioUltra) and hydrochloric acid were all obtained from SinopHarm Chemical Reagent Co., Ltd. (China).
Apparatus
Fluorescence spectra were obtained from uorescence spectrouorometer (SHIMADZU-5301, Japan). Transmission electron microscopy (TEM) measurements were made on an electron microscope (JEOL-200CX, Hitachi) equipped with a camera (Model GATAN782CCD, USA) at an operating voltage of 120 kV. The samples for TEM studies were prepared by placing one droplet of the sample deposited onto carbon-coated copper grids.
Synthesis of GNRs
Gold nanorods were synthesized by utilizing seed-growing method. 34 First, the seed solution was prepared for gold NR growth: 5 mL of 0.2 M CTAB solution was added to a 20 mL scintillation vial and 5 mL of 0.5 mM HAuCl 4 was mixed with the solution, 0.6 mL of fresh 0.01 M NaBH 4 was diluted to 1 mL with ultrapure water and was a trickle to join in the mixture under vigorous stirring (1200 rpm) for 2 min. The seed solution was kept for 30 min at room temperature. Next, the growth solution was prepared: 2.25 g of CTAB and 0.31 g of sodium oleate (NaOL) were dissolved in 62.5 mL of ultrapure water under vigorous stirring for 5 min, and the mixture was le undisturbed to cool down to 30 C, then 4.5 mL of 4.0 mM AgNO 3 solution and 62. DTT and 10% TCA, followed by precipitation for 2 h at À20 C.
Next, the solution was separated with the speed of 9000 rpm for 15 min at 4 C, precipitation was suspended in acetone with 2 mmol L À1 DTT for 2 h at À20 C, followed by centrifugal separation for 15 min at 9000 rpm. The supernatant was discarded. Repeat the above steps for several times to extract enough materials. Microcystis aeruginosa protein can be obtained by the precipitation of the vacuum freeze drying. Preparation of Microcystis aeruginosa protein solution: aqueous stock solution of Microcystis aeruginosa protein was achieved in a standardized way in water at room temperature and by magnetic stirring for 24 h and stored in the refrigerator. Reaction system was prepared by utilizing the protein solutions and dilution it into seven 10 mL volumetric asks with 2 mL, 2.5 mL, 3 mL, 3.5 mL, 4 mL, 4.5 mL and 5 mL, respectively. Then 5 mL GNRs solutions were added into each ask, and bring the volume to 10 mL with distilled water. The solutions were stirred on magnetic stirrer followed by static mode for 10 min. The solutions were centrifuged and unreacted GNRs and protein residues were removed. The solutions were ready for uorescence intensity detection. The pH value was adjusted with minute amounts of aqueous HCl (0.1 mol L À1 ) or NaOH (0.1 mol L
À1
) solutions, respectively.
Results and discussion
The mainly mechanism for the protein combining with the nanoparticles was shown in Fig. 1 . The color of the reaction solution remained degraded pink aer addition the algae protein. The protein structure containing inner base causes a strong repulsion between protein-groups and GNRs. The lack of protection of adsorbed groups makes GNPs susceptible to aggregation, thus inducing color change of GNRs from the original pink to a degraded level.
Transmission electron microscopy (TEM) and ultraviolet absorption spectra of GNRs (UV-vis) are shown below. It can be seen its rod shape and the size is about 0.1 mm of GNR (Fig. 2) .
The analysis of the interaction between Microcystis aeruginosa protein and GNRs Fig. 3 illustrates the uorescence spectra of the interactions between different concentrations of Microcystis aeruginosa proteins and GNRs. The uorescence intensity was signicantly enhanced with the increasement of Microcystis aeruginosa protein concentration and peak intensity at 560 nm in the system. Localized surface plasmon resonance (LSPR) of GNRs can produce a localized eld enhancement effect except for GNRs with uorescence. 35, 36 Hydrogen bonds exist between the Fig. 1 Schematic representation of the strategy of algae protein combing with GNRs. Algae were collected and extracted for proteins followed addition of GNRs in containers for reactions and observations. amino groups, carboxyl groups and thiol groups in GNRs and Microcystis aeruginosa proteins. On the one hand, the surface plasmon resonance of gold nanoparticles was changed, the incident light and the surface plasmon resonance of the gold nanoparticles absorb the same wavelength as the resonance frequency, and thus the characteristic absorption spectra was formed. The uorescence enhancement includes the excitation and the emission enhancement. When the wavelength of the plasmon resonance wavelength was closed to the protein molecules, the emission intensity is enhanced and maximum the uorescence enhancement. Ming et al. reported on the strong polarization dependence of the plasmon-enhanced uorescence on single GNRs. The uorescence from the organic uorophores which embedded in a mesostructured silica shell around individual GNRs is enhanced by the longitudinal plasmon resonance of the nanorods. When the longitudinal plasmon wavelength and the excitation wavelength of the GNRs are almost equal, the uorescence enhancement reaches the maximum value. 37 On the other hand, the covering layer of GNRs was formed on the surface of the Microcystis aeruginosa protein, which is much larger than that of aggregation of the GNRs. The Raman scattering signals and the interaction between GNRs and Microcystis aeruginosa proteins was enhanced. The result is demonstrated by Qin Long et al. 38, 39 that the higher the concentration of protein or amino acid, the stronger the signal intensity.
Optimization of experimental conditions for uorescence detection
Based on the principles, there are two main factors that affect the experiment: pH value and the concentration of inorganic salt ion. To further understand the optimal experimental conditions, two approaches were developed for the analysis.
In the strategy 1: we studied the effect of pH on uorescence intensity (Fig. 4a) . In the pH range of 2.0-4.0, the uorescence intensity decreased while the pH value increased. Specically, when pH increased from 4.0 to 4.5, the uorescence intensity increased; when pH increased from 4.5 to 5.5, the uorescence intensity decreased to the minimum value. At pH 4.5, the most sensitive response was obtained and the uorescence intensity reached its maximum value.
When the pH is low, the Microcystis aeruginosa protein molecules partially deformed and the uorescence intensity was decreased. The Microcystis aeruginosa proteins are the amphoteric electrolyte with isoelectric points, thus the pH of the solutions can change the solubility of the protein. With the increase of pH to 4.5 in the solution, the GNRs and Microcystis aeruginosa proteins have strong interactions, and the uores-cence intensity was enhanced. However, in the work presented by Yuyun Zhao et al., 40 a strong interaction between gold nanoparticles were stabilized by sodium citrate and electric point greater than 7 of the protein in pH 7.4 solution, and the solution appears color change or coagulation occulation phenomenon. 40 In our work, there is no similar phenomenon, the possible reason may be the pH value of the solution in this paper is less than 7 and the different structure of the protein.
In the strategy 2: we studied the effect of inorganic salt ion concentration on uorescence intensity. When the concentration of Na + was 0.1-0.3 mol L À1 , the uorescence , Fe 3+ , Mn 2+ were explored. The amounts of most potentially interfering species in serum are below their tolerable levels or can be decreased with diluting, so there would be no interferences from these species in Microcystis aeruginosa protein determination.
Sensitivity of experiments
The uorescence intensity of the system reached the maximum in 0-2 min, the combination of the GNRs and the Microcystis aeruginosa proteins was the highest. Subsequently, the uores-cence intensity gradually decreased in 2-12 min (Fig. 5) . Sensitivity of the experiments have been examined in terms of detection limit and linear dynamic range. It is found that at the range of 5 to 10, the method exhibited linear gradient change of uorescence intensity. It is probably bound to facets at the end of GNRs via complex formation between its indole groups and empty orbitals on these facets about the combination of the GNRs and the Microcystis aeruginosa proteins was decreased. In the experimental study of Javad Hassanzadeh, 42 the adsorption of albumin on the GNRs active surfaces inhibits their catalytic action and decreases uorescence signal. But this result is not consistent with the experimental results of Wu Menghui 43 and Jolanda Spadavecchia 44 using bovine serum protein (BSA), which may be due to differences in the structure of different proteins, resulting in differences in measurement results.
45-48
Discussion
The interactions between gold nanoparticles and proteins are due to the surface of the gold nanoparticles with more charges (Fig. 6 ). When the protein is equal to or slightly greater than the isoelectric point of protein in pH, the protein is neutral and the electrostatic interaction between protein and gold nanoparticles is small. However, the surface tension of protein molecules is very large in a weak hydration state, which is more easily adsorbed on the surface of gold nanoparticles.
Because of the protein molecules are rmly combined with the surface of the gold particles, a protein layer is formed to prevent the aggregation of gold nanoparticles. Gold nanoparticles have a strong adsorption to proteins and other biological macromolecules and will not change their biological activity, hence it has a good application prospect.
Conclusion
The present work has demonstrated that the combination of GNRs and proteins in Microcystis aeruginosa can enhance the uorescence intensity with the increase of concentration of algae proteins. The mechanism involved in the formation of hydrogen bonds between the amino groups and carboxyl groups of the GNRs and the algae proteins which changed the surface plasmon resonance luminescence properties. When the GNRs were combined with Microcystis aeruginosa proteins, the size of the polymers was much larger than that of the nanorods, which greatly enhanced the uorescence intensity. This nanoparticle method has exhibited a high precision, sensitivity approach for the algal protein determination.
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